pecten yessoensis (shell length = 12.9 to 14.5 cm) were reared for 33 d in an aquarium (39 × 24 × 15 cm) filled with 14 l of seawater. The shell length and shell height of the juvenile C. gigas at the beginning of the experiment ranged from 3.6 to 14.0 mm and from 3.7 to 16.0 mm, respectively. The seawater introduced into the laboratory through a sand filter was further filtered through a Whatman GF/C glass fiber filter. Water temperature was in the range of 15 to 17°C. Salinity ranged from 33.2 to 34.0. The culture water was aerated using an electric air pump and was exchanged every day. Fecal matter produced from the cultured oysters was cleaned at the time of the water exchange. A commercial feed liquid (Tasaki Shinju), which contained concentrated living cells of the single-celled diatom Chaetoceros neogracile (Shütt) van Landingham (= C. gracilis reported by Yokoyama et al. 2005; cell size = 5 to 8 µm, cell density = 4.0 × 10 8 ml -1
INTRODUCTION
The Pacific oyster Crassostrea gigas (Thunberg) is often dominant in intertidal and shallow subtidal reefs in many temperate regions and constitutes an important component in estuarine ecosystems. C. gigas is also of great economic importance as a species for oyster culture. Several isotopic studies in Europe (e.g. Riera & Richard 1996 , Riera et al. 2002 and in Japan (e.g. Takai et al. 2002) have attempted to determine the food sources of C. gigas.
Diet -tissue fractionation values that have been used to estimate food sources are 0 to 1.0 ‰ for 13 C (DeNiro & Epstein 1978 ) and 3 to 4 ‰ for 15 N (DeNiro & Epstein 1981 , Minagawa & Wada 1984 . However, the actual degree of fractionation is quite variable, depending on the species, tissue analyzed, and the method of sample preparation (Gearing et al. 1984 , Vander Zanden & Rasmussen 2001 , McCutchan et al. 2003 , Yokoyama et al. 2005 . The fractionation values of Crassostrea gigas are indispensable to determine what food sources contribute to the diet and the trophic level of this species in the food web. Stephenson et al. (1986) reported extremely high 13 C fractionation (approximately 6 ‰) for the European flat oyster Ostrea edulis; however, there is no information on the fractionation of C. gigas. The aim of this study was to determine the 13 C and 15 N fractionation values for tissues of C. gigas containing lipids and with lipids removed, based on a laboratory feeding experiment and to examine the validity of the values by comparison to field data.
MATERIALS AND METHODS
Feeding experiment. Juveniles of Crassostrea gigas, which had been produced as seed oysters for aquaculture in coastal waters in Miyagi Prefecture, Japan, were used for the experiment. ABSTRACT: Juveniles of the Pacific oyster Crassostrea gigas were reared on a monospecific microalgal diet in order to quantify their 13 C and 15 N diet -tissue fractionations. The weights of these juveniles increased by up to 18-fold within 33 d. The juveniles reached isotopic equilibria with the diet, enabling calculations of fractionation values. The 13 C fractionation for tissues containing lipids ranked as 0.6 ‰ (gill lamella) > 0.3 ‰ (adductor muscle) > -0.2 ‰ (mantle lobe) > -0.9 ‰ (whole soft body) > -2.2 ‰ (midgut gland), while the 15 N fractionation ranked as 8.7 ‰ (adductor muscle) > 6.5 ‰ (mantle lobe) > 5.4 ‰ (whole soft body) > 5.2 ‰ (gill lamella) > 2.3 ‰ (midgut gland). Removal of lipids shifted the diet-equilibrated δ 13 C and δ 15 N values in all tissues except the adductor muscle, with resultant increases in the 13 C and 15 N fractionation values. The expected annual mean δ 13 C value for the diet of the oyster in the field is -17.0 ‰, which is an intermediate value among the δ 13 C of coastal phytoplankton (-20.2 ‰), epilithon (-20.0 ‰), epipelon (-14.8 ‰) , and seaweeds (-14.9 ‰), suggesting that the oyster feeds on a mixture of these micro-and macroalgae. The expected δ 15 N diet value is 3.1 ‰, which is more depleted than values for micro-and macroalgae, suggesting that the 15 N fractionation in the field is smaller than that obtained from the feeding experiment.
pecten yessoensis (shell length = 12.9 to 14.5 cm) were reared for 33 d in an aquarium (39 × 24 × 15 cm) filled with 14 l of seawater. The shell length and shell height of the juvenile C. gigas at the beginning of the experiment ranged from 3.6 to 14.0 mm and from 3.7 to 16.0 mm, respectively. The seawater introduced into the laboratory through a sand filter was further filtered through a Whatman GF/C glass fiber filter. Water temperature was in the range of 15 to 17°C. Salinity ranged from 33.2 to 34.0. The culture water was aerated using an electric air pump and was exchanged every day. Fecal matter produced from the cultured oysters was cleaned at the time of the water exchange. , C:N ratio = 6.0), was used as the sole diet for the oyster. This diet was selected for the oyster feed, because (1) Chaetoceros is among the most common genera in coastal phytoplankton of Pacific coastal waters of Japan (Terazaki 1990) , and is considered as an important food source in the field, (2) C. neogracile cells in the feed liquid are living but the metabolic activities are maintained at low levels, and (3) this diet has acquired a good reputation from producers of seedlings for shellfish aquaculture (Oniki 2003) . Ten to 20 ml of the feed liquid were added to the aquarium twice daily in order to supply sufficient food and to attain rapid growth. The culture room was under natural light conditions, where the light intensity was 2 µmol m -2 s -1
. Twenty-eight oysters were sampled at the beginning of the feeding experiment to obtain initial isotopic values. In total, 54 reared oysters were subsampled after 4, 10, 18, 25, 32, and 33 d. The growth ratio (GR), as defined below, was adopted as an index to represent growth during the rearing period; GR = W f /W i , where W f and W i are the final and initial dry weights (dry wt) of the whole soft body (WSB), respectively. W i was estimated from shell length and shell height that were measured at the beginning of the experiment, based on a non-linear equation, y = 0.0011x 1.629 (r 2 = 0.852, n = 25), where y is the dry wt (mg) of the WSB and x is the product of shell length (mm) and shell height (mm) (Fig. 1) .
Field survey. Crassostrea gigas was collected from an intertidal rocky shore (34°20.7' N, 136°40.9' E) in Gokasho Bay in order to identify food sources in the field using the fractionation values obtained by the feeding experiment. Five to 8 adult specimens were sampled monthly from March 2001 to March 2002.
Sample preparation and analysis of isotopic composition. The oysters sampled were kept overnight in sand-filtered running seawater to allow evacuation of the intestinal contents. Three of the 28 oysters sampled at the beginning of the experiment and 16 of the 54 oysters reared in the aquarium were dissected for the measurement of particular tissues (adductor muscle, mantle lobe, gill lamella, and midgut gland). The other oysters were used for the analysis of WSB. The collected samples were soaked in 1.2 N HCl for 2 to 3 min to remove any carbonate debris, rinsed with distilled water, dried at 60°C for 1 d, weighed to the nearest 1 µg, and ground to a powder, then divided into 2 subsamples for lipid removal and no treatment. For lipid removal , samples were soaked in a mixture of chloroform:methanol (2:1 v/v) overnight, filtered on a Whatman GF/F glass fiber filter, rinsed with the chloroform: methanol solution, and subsequently dried again at 60°C. The other subsample remained untreated. The diet, Chaetoceros neogracile cells, which were maintained alive in a dark refrigerator at 3°C, were sampled 18 times during the experiment, and at each time 2 to 5 replicates were obtained. C. neogracile cells were collected on Whatman GF/F filters and dried at 60°C. WSBs of C. gigas collected from Gokasho Bay were dried at 60°C and ground to a powder for the analysis of their isotopic compositions.
The 15 N and 13 C composition of the samples was determined using a mass spectrometer (MAT 252, Finnigan MAT) coupled on-line, via a Finnigan ConFlo II interface, with an elemental analyzer (EA 1110, ThermoQuest Italia). The results are expressed in the standard δ unit notation as δX = [(R samples /R reference ) -1] × 10 3 , where X represents 13 C or 15 N, and R is the 13 C: 12 C or 15 N: 14 N ratio for carbon and nitrogen, respectively. These values are reported relative to the Vienna Pee Dee Belemnite (PDB) standard for carbon and to atmospheric N 2 for nitrogen.
Data analysis. Negative exponential equations of the form y = ae -bx + c were fitted to the experimental data, where y is the δ 13 C or δ 15 N value of the tissue in question, x is the growth ratio, a and b are constants, and c is an asymptotic value (AV) of the tissue on the diet. The best-fit curves were optimized using the software KyPlot (Kyence). The diet -tissue fractionation (DTF) was calculated as DTF = AV -DV, where DV is the diet value.
Isotopic values of a hypothetical diet for the intertidal population in Gokasho Bay were estimated from the fractionation values obtained from the present experiment, and the calculated diet values were compared to those of the possible food sources in the study area, i.e. terrestrial organic matter, coastal phytoplankton, epipelon (benthic microalgae growing on sediments), epilithon (benthic microalgae growing attached to rock surfaces) and seaweeds. The monthly values of the former 4 sources, which were obtained at the same time as the sampling of the oysters, were reported by Yokoyama & Ishihi (2003 , 2006 . We used data on seaweeds (mainly Sargassum spp.) that were obtained from Gokasho Bay during the period from April 1998 to July 1998 (Y. Ishihi & H. Yokoyama, unpubl.) .
RESULTS AND DISCUSSION

Diet
There was a significant negative relationship (p < 0.001, r 2 = 0.216, n = 58) between the diet (Chaetoceros neogracile) δ 13 C and the days elapsed after first feeding (Fig. 2a) . The difference between the initial and final δ 13 C values of the diet estimated from the regression line (0.16 ‰) was smaller than the SD (0.35 ‰) of δ 13 C values for the lipid-containing (LC) WSB showing > 7-fold increase in weight when the isotopic compositions attained approximate equilibria with the oysters' diet (see 'Results and discussion-fractionation values'). Hence, we adopted a mean δ 13 C of the diet during the experimental period as representative of the diet δ 13 C. On the other hand, the δ 15 N values of the diet were constant throughout the experiment (Fig. 2b) (p = 0.49, r 2 = 0.009, n = 58). The overall mean (± SD) δ 13 C and δ 15 N values of the diet were -10.9 ± 0.1 (n = 58) and -11.1 ± 0.1 ‰ (n = 58), respectively.
Fractionation values
The initial δ 13 C values ranged from -17.6 ‰ for the LC midgut gland to -15.6 ‰ for the LC and lipidremoved (LR) adductor muscle, while the initial δ 15 N values ranged from 8.0 ‰ for the LC midgut gland to 11.3 ‰ for LR gill lamella. These isotopic values reflect the isotopic signatures of food particles in natural seawater. The oysters reared on the diet increased by 1.5-to 18-fold in weight during the 4 to 33 d of culture. The growth rates (mean ± SD) of the WSB (initial dry wt = 1.0 ± 1.2 mg) and the shell heights (initial shell height = 8.3 ± 2.8 mm) were 0.16 ± 0.12 mg dry wt d , respectively. Considering that an intertidal juvenile population showed a mean shell growth rate of 0.15 mm d -1 (Hirata et al. 2006) , the growth of the oysters in the laboratory is considered to be normal.
As the oysters grew, carbon and nitrogen of the tissues were replaced rapidly by those derived from the diet, giving best-fit curves as expressed by negative exponential equations (Fig. 3, Table 1 ). The significant asymptotic δ 13 C and δ 15 N values of all LC and LR tissues (all p < 0.001) were attained approximately after a 7-fold increase in weight. There were significant differences in the LC and LR δ 13 C and δ 15 N among the different tissues of the oysters showing > 7-fold increase (Kruskal-Wallis test, all p < 0.05).
The differences between the isotopic values of the diet and the asymptotic δ 13 C and δ 15 N values for the oyster tissues are regarded as the diet -tissue fractionation (Fig. 3, Table 1 ). The asymptotic δ 15 N depleted compounds were leached out from the tissues. The shift in the δ 15 N of the 3 different tissues ranged from 0.6 (midgut gland) to 0.9 ‰ (gill lamella). Lipid removal resulted in 1.9 and 0.6 ‰ increases in the asymptotic δ 13 C and δ 15 N values for the whole soft body, giving the 13 C and 15 N fractionation values of 1.0 and 6.0 ‰, respectively. The former is within the range of the currently accepted 13 C fractionation value; however, the latter markedly deviates from the range.
Implications for dietary reconstruction
Yokoyama et al. (2005) conducted feeding experiments on the filter-feeding estuarine bivalves Ruditapes philippinarum and Mactra veneriformis and showed that the isotopic fractionations for the LC WSB (0.6 and 0.9 ‰ for 13 C, 3.4 to 3.6 ‰ for 15 N, respectively) are within the range of the currently accepted values. The present study, however, shows distinct fractionations (-0.9 ‰ for 13 C and 5.4 ‰ for 15 N) for another filter-feeding bivalve, Crassostrea gigas, even though the same commercial feed of Chaetoceros neogracile cells was used. The observed variation in the 13 C fractionation between the 2 experiments may be due to the difference in the lipid content between the 3 species of bivalves. The 13 C fractionation for the LR WSB of the oyster was 1.0 ‰, which is close to 1.4 ‰ for the LR WSB of R. philippinarum (Yokoyama & Ishihi 2006) . On the other hand, there is a large difference in the 15 N fractionation between the LR WSBs of C. gigas (6.0 ‰) and R. philippinarum (3.8 ‰, Yokoyama & Ishihi 2006). The large 15 N fractionation for C. gigas is considered to occur through nitrogen turnover and metabolic processes, which cause the lighter isotopes to be preferentially lost and the heavier ones to be retained (Owens 1987 , Fantle et al. 1999 .
Isotopic values of the hypothetical diet of the oyster that were calculated based on LC WSB collected from Gokasho Bay ranged from (mean ± SD) -18.1 ± 0.3 ‰ to -15.9 ± 0.4 ‰ for δ 13 C and from 1.9 ± 0.2 ‰ to 4.0 ± 0.2 ‰ for δ 15 N (Fig. 4a) . The annual mean δ 13 C value of the diet was -17.0 ‰, which was intermediate among those of coastal phytoplankton (-20.2 ‰), epilithon (-20.0 ‰), epipelon (-14.8 ‰), and seaweeds (-14.9 ‰), suggesting that the oyster feeds on a mixture of these micro-and macroalgae. Recently, Nadon & Himmelman (2006) expressed their concern that enriched δ 13 C values that had been recorded widely for many benthic consumers ranging from nearshore to offshore waters might have led to an overestimate of the contribution of 13 C-rich benthic algae. However, the adoption of the negative 13 C fractionation that was determined in the present experiment for the oyster still emphasizes the contribution of benthic algae. Table 1 . Crassostrea gigas. Regression equations of the best-fit curves (see Fig. 3 ), coefficients of determination (r 2 ), sample sizes (n) of the feeding experiment, and diet -tissue fractionation (DTF) values
The expected δ 15 N value for the diet of the intertidal population in Gokasho Bay, which was estimated based on the diet -tissue fractionation values determined in this study, ranged from 1.9 to 4.0 ‰ (annual mean = 3.1 ‰), which was more depleted than those of coastal phytoplankton (6.0 ‰), epilithon (7.9 ‰), epipelon (4.8 ‰), and seaweeds (8.3 ‰) (Fig. 4b) . Terrestrial organic matter showed the most depleted δ 15 N values (0.5 ‰) in all end members; however, the large difference in the δ 13 C between the hypothetical diet and terrestrial organic matter (-26.5 ‰) indicates that terrestrial organic matter is not directly incorporated into growth of the oyster. The observed inconsistency suggests that the actual 15 N diet -tissue fractionation in the field is smaller than that obtained from the present experiment.
It has been suggested that 15 N fractionation is influenced by the quality of the diet. Fantle et al. (1999) demonstrated that diets showing high protein contents and low C:N ratios decrease the 15 N fractionation due to utilization of a substantial amount of nitrogen from the diet in the synthesis of tissue. They also suggested that starved animals must catabolize their own lipids and proteins, resulting in preferential excretion of light nitrogen and 15 N-enriched material remaining in animal tissues. Similar relationships between the quality of diet and the 15 N fractionation have been reported for a locust (Webb et al. 1998 ) and a water flea (Adams & Sterner 2000) . On the other hand, McCutchan et al. (2003) suggested that the 15 N fractionation is high when dietary nitrogen either exceeds or is well below requirements for optimal growth, and that the fractionation is low when dietary N is near the requirements. In the present study, large 15 N fractionations were observed in the laboratory where the oysters were fed an excess of a single, N-rich diet (protein content = 0.28 g g -1 dry wt, Oniki 2003; C:N ratio = 6.0) continuously throughout the day. In contrast, oysters in the field assimilate a mixed diet, which includes various groups of algae and small zooplankton (Kamiyama et al. 2005) , and do not feed when the tide ebbs (average period of exposure to air at the sampling site = 8.4 h d -1
). Such differences in food availability and in physiological conditions of the oyster between the field and the laboratory may lead to the differentiation in the fractionation values.
In conclusion, the fractionation in filter-feeding bivalves is species-and tissue-specific, and lipid removal possibly affects isotopic values of the tissues. For an objective dietary reconstruction, we must obtain information on the fractionation of the bivalve species under investigation. The diet -tissue fractionation should be determined by controlled feeding experiments, but our study demonstrates the importance of a field study to validate the determined values. 
